Digital modelling and simulation are increasingly becoming integral tools for historical research, making them relevant elements of any archaeological curriculum. In this chapter, we explore how creating reconstructions with these tools can be incorporated into programmes of study: modelling aids in critical analysis of source material, while simulations enable the critical integration of pragmatic, sensory aspects into interpretations. The use of each promotes specific forms of critical thinking that empower students to engage in historical interpretation and begin to ask their own questions.
Introduction
With digital tools such as 3D modelling or virtual simulation becoming increasingly accessible to makers and users alike, more and more non-specialists are taking advantage of them. These new formats present the field of archaeology with fresh opportunities to communicate the past and engage students. Not only can they serve to pique interest in archaeological topics; not only do they provide a different medium with which to impart the subject matter; digital modelling and simulation can themselves be incredibly productive research tools, which gives them an enormous potential in terms of training students for research. 1 At its foundation, research involves the use of critical thinking skills, which are becoming a core component of the teaching of archaeology -and the humanities in general -in universities today. 2 In addition to concentrating on mastering a set subject matter, the archaeological curriculum today aims to teach students how to learn, understand and analyse content independently. In this chapter, we would like to address how digital tools in the classroom -specifically the use of digital modelling and simulations to create reconstructionscan foster students' critical thinking skills that can be applied to their own studies, to research and beyond. This chapter deals specifically with the use of digital reconstructions in modelling and simulation as a teaching tool; using the results in order to mediate and communicate archaeological research for a broader public is dealt with elsewhere in this volume. 3
Modelling: critical thinking in practice
When it comes to the fragmentary remains of ancient life, the process of reconstructing a whole out of the disparate pieces is itself a method with which students and researchers can begin to think critically about how to analyse the sources that are available to archaeologists. Creating a reconstruction model is therefore not focused on a (realistic) final product but rather on the process of weighing and interpreting the sources at hand. As Joshua Epstein (2008) succinctly explained in his landmark article 'Why model?' , the main goal for modelling is not, as commonly (mis)understood, prediction. 4 He determined 16 alternative reasons for modelling, and it is worth reprinting his list here in full because it makes clear how useful it can be for training archaeologists (or, in general, those studying objects and sites that can be modelled and simulated, such as art historians etc.):
1. explain (very distinct from predict); 2. guide data collection; 3. illuminate core dynamics; 4. suggest dynamical analogies; 5. discover new questions; 6. promote a scientific habit of mind; 7. bound (bracket) outcomes to plausible ranges; 8. illuminate core uncertainties; 9. offer crisis options in near-real time; 10. demonstrate trade-offs/suggest efficiencies; 11. challenge the robustness of prevailing theory through perturbations; 12. expose prevailing wisdom as incompatible with available data; 13. train practitioners; 14. discipline the policy dialogue; 15. educate the general public; 16. reveal the apparently simple (complex) to be complex (simple) (Epstein 2008: 1.9 ).
The task of creating a model provides the students with a structure to begin 'guiding data collection' (2), on which basis they can explain the site and their reconstruction of it (1). Continued work on the reconstruction in turn 'illuminate[s] core uncertainties' (8) within previously 'bracket[ed] … plausible ranges' (7), leading to the students' questioning of prevailing theories (11) by 'exposing prevailing wisdom as incompatible with available data' (12). 5 In order to illustrate how the process of modelling -specifically, the process of creating a digital reconstruction -can itself be a productive teaching tool, we would like to give a brief example of what this can look like in a classroom setting. These observations are based on seminars on digital reconstruction offered at the Winckelmann-Institut für Klassische Archäologie at Humboldt-Universität zu Berlin: one focused on the Forum in Rome and would go on to 4 E. Holter would like to thank X. Rubio-Campillo for leading her to this article. 5 An early example for the use of digital models (and CAD specifically) as teaching tools (in this case, in the field of art history) is Günther (2001) , who mainly extols their benefits in training students to recognise and analyse elements of architecture. Further experiences with including the creation of digital models in archaeological or historical teaching have not to our knowledge been published. become the founding model of the digitales forum romanum project; the other built on the experience of the first and offered a course modelling the Athenian Agora. 6 The first step was to teach the students how to use the software with which the reconstructions were to be created: in our example, in cooperation with an architect, we used the architectural modelling software AutoCAD ( Figure 1 ). 7 The students worked in teams, each team receiving a set of buildings that it was required to reconstruct in all of their building phases. For this, a documentation worksheet was developed with the class in order to structure the different evidence (archaeological, literary, comparative) on which the reconstruction was based as well as to explain each step. 8 In addition to practical experience with gathering relevant material, the documentation of the sources -which is the first step of digital modelling -led to a clearer understanding of what information is available for a reconstruction -6 This is based on the experience of E. Holter, who can describe the two courses from two different perspectives: in the first, she participated as a student under S. Muth; in the second she was a teacher. She is grateful to the architect A. Müller for his patience and help in teaching the students of both classes. For more on the digitales forum romanum project, headed by S. Muth, see the project website www.digitalesforum-romanum.de and Bartz, Holter and Muth (2016) . 7 AutoCAD offers a free education licence for use in universities but it has a steep learning curve, which posed a significant barrier for some of the students in both classes. Other modelling software is possibly more suited to work with students. 8 The documentation for the class that would lead to the digitales forum romanum project was later moved to an online wiki to make collaboration easier: https://wikis. hu-berlin.de/digiforo/Hauptseite. Several examples can be viewed there. and how conjectural different elements of the reconstructions would be. The questions that arose, often without clear answers in the academic literature, were the launch pad from which the students could begin to learn to form their own individual judgements based on the available evidence, training them in historical interpretation. In the class, students were specifically encouraged to reconstruct alternatives within the plausible ranges determined by the sources in order to underline this: the validity of the alternatives was then assessed as part of the learning process in discussion with the lecturer and the class. Understanding the nature of the sources on which reconstructions (and interpretations in general) are based also led to an increased awareness of other historical and social factors and assumptions that go into each, reinforcing critical thinking skills. Creating digital architectural models, especially with students, therefore makes gaps in archaeological knowledge visible; the gaps themselves represent free spaces open to interpretations, in which new questions are made possible. Accordingly, modelling allows the students to become active participants in the process of knowledge acquisition, not only their own but for the discipline as a whole. 9 Each free space represents a possible avenue of research that it is worthwhile to pursue. The creation of digital models can be integrated into departmental research projects for similar reasons, and serves as a means with which students can be directly included in the research process. 10 Students of archaeology have to deal with a wide variety of disparate evidence, and it is the goal of teaching archaeology to give them the appropriate skills to weigh the evidence in terms of specific research questions, a skill with applications beyond the study of archaeology. Digital modelling in the classroom is one method by which these skills can be put into practice. 11 9 Active learning specifically in the context of the archaeology classroom is dealt with in Burke and Smith (2007) (a survey of the ideas behind active learning is given in their introduction, followed by a series of examples). 10 In addition to possible preparation for an academic career, see Ishiyama (2002) for the learning benefits to undergraduates who participate in faculty research. A prime example for this is the digitales forum romanum project (see above). 11 The use of digital models created by others in the classroom is a question that needs to be dealt with in more detail elsewhere: reconstructions created by others are often especially difficult to analyse, as very few provide an extensive documentation detailing their research and design decisions. In addition, there is as of yet no widely accepted method for visualising uncertainties in digital models (Schäfer 2018) . Integrating digital models into game engines could be a next step, as different models of the same building or space can be integrated into a single scene, thereby providing comparable alternatives and making the reconstruction itself dynamic. This underlines its uncertain elements and is a first step towards communicating the uncertainties to outside users, allowing digital reconstructions that have already been created to continue to be of use in communicating the past (on this, see Holter, Schäfer & Schwesinger 2020).
Simulation: engaging with the technology
The creation of various architectural models, while a research tool in its own right, leads to further uses with which to expand research questions, most notably through their integration into digital simulations. By creating the digital models themselves, students learned to critically analyse their sources -and any resulting reconstructions. In this section, we would like to turn to a further digital tool: digital simulations. Using simulations, we can expand what questions students can ask of the archaeological material: specifically, simulations enable the integration of sensory perception into historical interpretation. 12 In a graduate course in which students developed and pursued their own research projects on ancient material public culture, we focused their attention on the Agora and the Pnyx in classical Athens. 13 Digital architectural models of these spaces were provided, and the students were instructed to reconstruct historical scenarios in these ancient spaces using a game engine (in this case, Unity 3D). 14 In addition to the ability to move freely through the reconstruction (from a first-person POV if desired), the use of a game engine allowed for the further embellishment of the virtual environment with textures, plants, people and equipment. In contrast to the rather sanitised aesthetic of architectural software, the game engine aesthetics enables a more 'realistic' look and feel. This impression is reinforced when using a head-mounted display for a VR set-up.
Especially the Pnyx as the location of the public assembly during the heyday of classical democracy proved to be a useful case study, and this scenario was reconstructed in the game engine ( Figure 2) . The Pnyx was renovated several times during this period, and, for the second building phase, there is no certain evidence for the location of the speaker's platform. Knowing its exact location is highly relevant, as it would have had an influence on the visual and acoustic communication between the speaker and the audience, a primary purpose of the assembly in this space. Consequently, we integrated an acoustic simulation of a speech signal for three different proposed locations of the speaker's platforms into the virtual environment in order to make the differences between these not only visible but also audible. 15 In this way, digital simulation tools provide a chance for comparing different architectural reconstructions by placing them in an environment that can be experienced with different senses (seeing, hearing), thereby expanding the scope of possible interpretation. Multisensory experience is thus used as a kind of spatio-functional performance test: if spaces like the Pnyx were built to serve the function of political communication, then moments where they failed to serve their purpose -for example, where the speaker could be only poorly heard by the audience -might have triggered architectural or procedural changes. When, with the help of simulations, the reconstructions of ancient spaces stop being simply static architectural structures, students can start to examine the dynamic and sensory space the buildings were a part of. This opens up functional or pragmatic interpretations 15 In the research project Analog Storage Media -Auralization of Archaeological Spaces we developed this idea further into an interface within which it is possible to switch between the three different locations without exiting the play mode of the game engine. With this customizable interface, a user can toggle between variations not only for architectural but also for other uncertainties that concern, for example, the behaviour of the crowd or of the speaker, or the lighting due to the time of the day (Holter, Schäfer & Schwesinger 2020) . For the application of acoustic simulations to archaeological research, see Holter, Muth and Schwesinger (2018) as well as Kassung and Muth (2019) . as opposed to symbolic or ideological ones. 16 In this sense, virtual environments become a tool by which static reconstructions are made dynamic in order to include pragmatic considerations. Therefore, we can widen the scope of students to interpret the spatial implications of different reconstruction proposals, i.e. how well each of them performs its assumed function. The role that digital models can and should play in research is, however, a matter of ongoing debate, and it is important to prepare students for this discussion as well. Considerations on the scientific applicability and research value of digital tools concentrate on a critical understanding of them as an epistemic medium, i.e. how the things and techniques we use to gain, store, express and convey knowledge inscribe themselves into that knowledge. 17 This involves examining the means and formats of gathering and representing archaeological knowledge historically and contemporarily: one way to investigate the impact that digital modelling and simulation have on the way archaeologists work and think is to compare them to 2D line drawings and plaster models and consider how these might have done so as well. This perspective should help students to probe the limitations of simulations: what is their intended use? What aesthetics should they serve? Virtual environments, for example, often make use of a specific video game aesthetics that strives for a realistic impression in order to immerse users in a virtual world. But a virtual, computer game reality is not comparable to a historically perceived reality. While game engines today can accurately simulate the effects of many laws of physics (gravitation and optics are two examples that come to mind) -and future technology might come even closer to making virtual and physical reality indistinguishable -scholars and students will never be able to become a Greek or a Roman. Although the ancient spaces reconstructed should be interpreted within their cultural context, a critical position should always take the fact that we are evaluating it from a contemporary standpoint into consideration.
Coming back to the example of the Pnyx, the task for the listening student or scholar cannot be to use the audio-visual simulations in order to empathise with a Greek avatar but to determine and understand the important elements of the historical scenario of the public assembly: how important was it to understand an orator word for word? How informed were participants of the public assembly about the content of the proposals? How interactive was the relationship between the speaker and the audience? What behaviour from the crowd was regarded as appropriate? Questions like these direct attention away from the simple textual content of the speeches that have survived to this day, instead focusing on the structural basis or situational components of the scene. In order to understand the function of architectural spaces students need to acknowledge the cultural foundations of the situation, which will come to their attention precisely through their experience of these historical spaces in digital simulations.
We believe that, in this way, virtual environments might serve as classroom tools for a sensory-based epistemology of archaeological reconstructions. Instead of trying to evaluate which simulated event and result is more 'true' than the other, students should be guided to experimentally investigate the conditions under which, for example in the case of political communication in classical Athens, such an auditory situation might have made sense to the people involved by bringing all possible resources together to study the structures, relations and sensory conditions that seem to have been important for political communication to function. This includes the (knowledge about the) role of architecture to acoustically support an orator as much as the different reception attitudes that may have guided a listener's understanding. Such findings can be used for listening trainings with students, helping them to reflect on their contemporary and mediated listening habits. 18 This might also support a more extensive approach to virtual sensory spaces and counterbalance careless claims of 'realism' .
Conclusion
How can and should digital modelling and simulation be integrated into teaching? Most important is training the users of these digital tools in how to critically understand them. This includes learning to recognise the sources of the reconstructions and applying the sources themselves to the creation of digital models. Here, uncertainties in the reconstructions should be understood not as dead ends but as the starting point for new research questions. The experience in simulations can be used to consider the material and cultural conditions of sensory perception, so that users (in this case, students) can better understand the historical specificity of the experience and what questions we need to ask of the evidence in order to better analyse sensory conditions in antiquity. As we hope to have shown, digital reconstruction and simulation tools are not so much for answering questions as they are for asking them. This is exactly the skill that we should want students of humanities to learn most of all, making the proper integration of digital tools into teaching a highly effective method.
